Abstract. In this study, the phantom imaging quality of 64-slice CT acquisition protocol was quantitatively evaluated using Taguchi. The phantom acrylic line group was designed and assembled with multiple layers of solid water plate in order to imitate the adult abdomen, and scanned with Philips brilliance CT in order to simulate a clinical examination. According to the Taguchi L 8 (2 7 ) orthogonal array, four major factors of the acquisition protocol were optimized, including (A) CT slice thickness, (B) the image reconstruction filter type, (C) the spiral CT pitch, and (D) the matrix size. The reconstructed line group phantom image was counted by four radiologists for three discrete rounds in order to obtain the averages and standard deviations of the line counts and the corresponding signal to noise ratios (S/N). The quantified S/N values were analyzed and the optimal combination of the four factor settings was determined to be comprised of (A) a 1-mm thickness, (B) a sharp filter type, (C) a 1.172 spiral CT pitch, and (D) a 1024×1024 matrix size. The dominant factors included the (A) filter type and the cross interaction between the filter type and CT slice thickness (A×B). The minor factors were determined to be (C) the spiral CT pitch and (D) the matrix size since neither was capable of yielding a 95% confidence level in the ANOVA test.
Introduction
In this study, the imaging quality of Computer Tomography (CT) acquisition protocol was optimized using Taguchi analysis and a line group phantom. CT has been widely applied as a vital non-invasive diagnostic tool in the medical field and in material sciences. CT has also been proven to be accurate in demonstrating anatomy and pathology due to its precise spatial resolution [1, 2] . Most radiographers proceed to follow phantom quality assurance protocol weekly or biweekly in order to optimize the imaging quality and avoid clinical misdiagnoses. In doing so, most adopted phantoms have been commercially standardized and assembled with multiple layers in order to assure accurate spatial resolution, densitometry, and contrast sensitivity. However, most artifacts within phantoms are designed for transverse (axial) scanning rather than frontal or sagittal scanning [3] . As such, many researchers have developed customized phantoms in order to fulfill the requirements of their unique interests. Yunker at al. designed a phantom for surveying liquid flow during imaging [4] . Brisse, et al. applied PMMA cylindrical phantoms with various diameters to contrast-to-noise ratio and lowcontrast detectability evaluation [5] . Yoon, et al. used an anthropomorphic lung phantom to revise CT imaging protocol [6] . In addition, Daisne, et al. used a 3D phantom to validate the integrated performance of CT, MRI, and PET scan imaging [7] . Well-designed phantoms can effectively assist radiologists in confirming the optimal settings for routine process and verifying the accuracy, reproducibility, and consistency of multiple measurements.
In this study, a line group phantom was proposed. This particular cube model could be assembled with solid water plate of any dimension in order to accurately reflect the desired geometric size. According to the Taguchi's optimal analysis, the unique design of line-paired curves could quantify the quality of CT scan images. Since live imaging systems allow for the precise and accurate diagnoses of various carcinomas and tumor tissues, rapid and simple imaging acquisition and postprocessing methods could accelerate patient examinations. In addition, the quantitative assessment of imaging quality has always been a topic of numerous discussions in many medical diagnostic facilities. Thus, an efficient method for defining imaging quality is essential.
In this work, various post processing images of a line group phantom were scanned and reconstructed using eight combinations of four factors of 64-slice CT acquisition protocol; these eight combinations were analyzed by four highly-trained radiologists in order to quantify the imaging quality. The four factors included the (A) CT slice thickness, (B) imaging reconstruction filter type, (C) spiral CT pitch, (D) and matrix size. Furthermore, unlike some optimization processes that only focus on a single or minor factor for practicality, the four factors were simultaneously considered during the optimization process using the Taguchi method. In addition, the cross-interactions between the factors were considered in order to evaluate the complexity of the optimization.
Materials and methods

Taguchi analysis
The Taguchi method is a very effective method for designing high-quality systems. This method exploits unique orthogonal arrays to obtain extensive factor data using only a few experiments. The obtained optimal 64-slice CT factor settings were independent of environmental conditions and other factors. A statistical analysis of variance (ANOVA) was performed to identify the factors that significantly affected the target variable. The S/N and ANOVA analyses were combined to determine the optimal factor settings for the 64-slice CT acquisition protocol [8] [9] [10] .
Orthogonal arrays
Unlike other analytical optimization method, the Taguchi method determines both the optimal value of a chosen factor from a finite set of analytical data and the factors that significantly affect the target variable. This method has been widely utilized in precision manufacturing [11, 12] and other fields [13, 14] . In this work, the four factors of the 64-slice CT acquisition protocol included the CT slice thickness, filter type, spiral pitch, and matrix size. Since each of these factors could be assigned to two levels, a total of sixteen (2×2×2×2=16) combinations was considered. Using the Taguchi method, the Table 2 The four factors for CT acquisition protocol, each factor has two levels as recommended by Taguchi L 8 orthogonal array
samples were organized into eight groups, which were used to obtain results with the same confidence as that of a conventional thorough optimization process [15] . Table 1 presents a standard L 8 ( 2 7 ) orthogonal array suggested by Taguchi; the numbers in each column indicate the experimental layouts, or levels, of the specific factors (A-D). Table 2 
Analysis of variance: ANOVA
Loss functions (Ș) measures the deviations between experimental values and desired values.
Taguchi recommended the use of a loss function to express the deviation of performance characteristics from desired values. Loss function value can be transformed into signal-to-noise (S/N) ratios. Performance characteristics are categorized into one of three classes, including "lower-isbetter", "higher-is-better" and "nominal-is-best". Each class is associated with a particular S/N ratio definition, which is used during the computation of optimal factor combination. Since larger S/N ratios always correspond to better quality, regardless of category, the optimal factors values are those that yield the highest S/N ratios [15] . Therefore, the quality of a reconstructed image of a line group phantom obtained using various CT acquisition protocols can be calculated as
where Ș i represents the loss function (S/N unit: dB) of the i th group [16] . A larger value of Ș is considered preferable herein since the quality of a phantom image is categorized as "higher-is-better". In addition, y i,j represents the judged grade of a phantom image for the i th group in the j th trial, and r represents the total number of trial repeats in each group, which equals 12 herein (the same phantom image was graded by four radiologists for three rounds, 4×3=12). The F-test, developed by Dr. Fisher, is a test based on the assumption that the variances of two sampled populations are equal. If the variances are equal, only a 5% chance that the value of F will exceed F 0.05 (the value of F 0.05 depends on the number of samples taken from each population) exists. Therefore, if F > F 0.05 , the variance of one population is statistically probably of being larger than that of the other population [17] .
Line group phantom and 64-slice CT
The line group phantom was specifically designed to evaluate the reconstructed imaging quality of the CT acquisition protocol. The acrylic (PMMA) line group phantom (60×30×20 mm 3 ) was specifically customized in this study. The slits were precisely milled with a 0.5-or 0.7-mm cutter in order to create (1) four 4-vertical-line-slit 0.5-mm groups, (2) five 4-horizontal-line-slit 0.7-mm groups, (3) and two inverse 0.5-or 0.7-mm V-shaped slits. Each 4-line-slit had increments of 0.5, 1.0, 1.5, 2.0, and 2.5 mm, the depth of each 4-line-slit varied from 0.2, 0.4, 0.6, to 0.8 mm. In addition, the two inverse V-shaped slits were milled with either a 0.5-or 0.7-mm cutter for comparison. These unique shapes were designed to create a series of recognizable slits that could be useful in quantifying the imaging quality of the reconstructed phantom image. In this work, the purpose of the optimization process was to increase the imaging quality (i.e., to minimize the size of the artifact). Figure 1 illustrates the well-assembled phantom ready for scanning. Figure 1(A) is a detailed view of the line group phantom. As shown in Figures 1(B) and 1(C), the phantom was placed in the center of two customized PMMA plates (300×300×20 mm 3 ) for horizontal and vertical verification, respectively. Figure 1 (D) demonstrated that the line group plate phantom was assembled with several solid water plates in order to simulate an adult abdomen (300×300×220 mm 3 ) for CT scanning. The thicknesses of the upper, middle and bottom parts of the solid water plate were equal to 8 cm, 4 cm and 6 cm, respectively [80+20 (phantom) +40+20 (phantom)+60= 220 mm]. The 64-slice CT was located at Taichung Armed Forces General Hospital; the model was a Philips brilliance CT with a Maximus Rotalix Ceramic (MRC) X-ray tube. The other factors of the axial scan protocols were preset for standard resolution 64×0.625 collimator, 0.75-sec of rotation time, 130-mm FOV, no DOM, 5-mm thickness, 5-mm increment, 120 kV and 250 mAs. The CT acquisition protocol was revised according to the results of an abdominal 64-slice CT study conducted at the same hospital.
Grading the phantom
Four radiologists counted all of the visible lines in the two reconstructed phantom images (both horizontal and vertical) of the 64-slice CT scanned imaging for every group. Each reconstructed phantom image was randomly passed to the radiologists and graded blindly in order to eliminate any biased expectations. The grading was repeated three times to ensure reproducibility and consistency. Thus, twelve counts for each group were averaged in order to determine the quality of reconstructed CT images. Numerous visible lines were visible in the reconstructed CT image with the optimal factor settings. factors for the 64-slice CT acquisition protocol. Group 3, as indicated in Table 1 , exhibited the highest values of any of the groups. The average, stdev and S/N values for that group were equal to 20.50, 1.98 and 26.11, respectively. Factors B (filter type) and A×B (thickness×filter) were determined to be the most influential to the quality of the phantom images since the data fluctuations that were associated with the changes in these factors exceeded those associated with the changes in the other factors. Accordingly, the optimal settings of the four factors for high reconstructed imaging quality included (A) a 1-mm thickness, (B) a sharp filter type, (C) a 1.172 spiral CT pitch, and (D) a 1024×1024 matrix size (i.e., the setting of the level with a higher S/N in each factor). The optimal settings yielded a higher image quality than the original eight groups listed in Table 1 .
Results
Data analysis
Analysis of variance: ANOVA
The identity of the dominant factors for the 64-slice CT acquisition protocol was confirmed by conducting an F-test. Table 3 presents the factor confidence levels attributed to the effectiveness of the acquisition protocol. A factor was considered significant if the corresponding confidence level exceeded 95%. Therefore, the (B) filter type and the cross interaction between factors A and B (thickness×filter) were deemed to be significant since their associated confidence levels were equal to 95%. Furthermore, neither factor A (thickness) nor factor B (filter type) could be adjusted individually to fulfill the specific requirement since a strong correlation existed between those two factors (Table  3 ). In contrast, both the spiral CT pitch and matrix size were deemed insignificant since their associated confidence levels were equal to 64.3% and 6.4%, respectively. Therefore, no spiral CT pitch or matrix size could yield the confidence level required for a clinical diagnosis. In addition, either the spiral CT pitch or matrix size could be reasonably maintained at 1.172 or 512×512 to reduce the length of the CT scanning or post data analysis. Table 3 The factor confidence levels attributed to the effectiveness of the 64-slice CT acquisition protocol. A factor was considered significant if the corresponding confidence level exceeded 95% 
Discussion
L 8 orthogonal array
The Taguchi method not only yielded the dominant factor, but also effectively elucidated the individual cross-interactions among the factors. In the unique orthogonal arrangements of the various factor values, the frequencies of the levels were constant for all eight groups (Table 1) ; the obtained data was rearranged to elucidate the cross-interactions among the factors. This particular data arrangement was critical in analyzing the L 8 ( 2 7 ) orthogonal array because it provided a regulated basis for compiling three cross interactions among four individual factors; thus as indicated by Taguchi, it only supported level-IV resolution since the cross-interactions among the factors could conflict together (Table 1 , column 6) [15] . (Table 1, (Table 1, exhibited strong interactions, indicating that the values for factors C (spiral CT pitch) and D (matrix size) had to be switched with those of either factor A (thickness) in level one or factor B (filter type) in level two in order to optimize the performance. In addition, factor B (filter type) dominated all of the other factors. Neither A×D nor B×C dominated the CT imaging quality since their confidence levels only reached 68.3% (Table 3) ; however, A×D exhibited a strong interaction in actuality.
Definition of S/N
The definition of S/N (Eq. (1)) adopted herein could be revised to satisfy different requirement. Eq. (2) defines the S/N, which integrates the average grade and standard deviation in order to yield a low statistical fluctuation, as [18] ,
where ‫ݕ‬ and stdev i represent the average grade and statistical deviation of the i th group. The recalculated S/N values for groups one through eight were equal to 15 (2)). The highest S/N value was originally observed in group three, but was observed in group eight of the reconstructed images. Furthermore, of the dominant factors, the filter type (B) was sharp for both group three and group eight, but the thickness (A) changed from 1-mm to 2-mm in order to maintain a low statistical fluctuation. However, this recommended CT acquisition protocol optimization was compromised in that focusing on only one quality characteristic could have altered the results.
Conclusion
The imaging quality of a 64-slice CT of a reconstructed phantom was optimized using Taguchi analysis and a line group phantom. A PMMA line group phantom was precisely milled to form groups of 0.5-or 0.7-mm-wide slits with various depths and increments in order to successfully optimize the reconstructed imaging quality achieved during routine diagnostic protocol. Eight combinations of the values of four factors of the 64-slice CT acquisition protocol were determined using the Taguchi method. The optimal factor settings included (A) a 1-mm thickness, (B) a sharp filter type, (C) a 1.172 spiral CT pitch, and (D) a 1024×1024 matrix size; these optimal setting yielded the highest line count average and S/N ratio. The ANOVA analysis revealed that the dominant factors were the filter type and the cross interaction between filter type and thickness. The minor factors included the spiral CT pitch and the matrix size of the 64-slice CT acquisition protocol.
